The purpose of this study was to construct a simple ergometer for the 31P NMR spectroscopic study of dynamic forearm exercise in a whole body magnetic resonance imaging system and to evaluate the total system and the physiological response to this type of exercise using a multistage protocol.
Recently, a 1.5 tesla imaging system has become available for routine imaging purposes. These systems have the capability of being used for 31P spectroscopy as well, thus providing opportunities for wider application of this powerful method in the field of exercise physiology in health and disease. However, one of the major obstacles to wider use has been a lack of standard and commercially available ergometric devices for quantitative exercise testing inside the magnet. The standard devices, such as bicycle ergometer or treadmill, cannot be used in a strongly magnetic environment. Therefore, individual investigators have devised custom-made ergometers for their studies. 1),2),5) By modifying those previously described, we have constructed a simple, low-cost and totally nonmagnetic forearm ergometer for use in a 1.5T super-conducting magnet. The purpose of this report is to, first describe the whole system with spectrometric results and, second, to report the whole body physiological response to this particular form of exercise, which must be employed because of the restrictions imposed by the magnetic system.
MATERIALS AND METHODS

Ergometer:
The device consisted of a handle, rope, pulley and weights in a container as shown in Fig. 1 . The handle was taped to the palm of the hand. Flexion of the fingers and wrist in a grip lifted the weight through the pulley. One-kg pieces of lead were used as a weight. A length of the chain bridging the rope and the axis of the pulley was adjusted so that the wrist flexion resulted in the weight being lifted a fixed distance of only 5cm and no more. To minimize the development of isometric tension, during the pre-experiment practice the subject was instructed to release the grip of the handle as soon as resistance due to the extended chain was felt. Some lengthening of the rope occurred as the load increased, therefore decreasing the lift. Correction for this was accomplished by placing beforehand cork plates of 2 to 5mm thickness on the floor where the container of weights descended, and as the load increased the plates were removed so that the lifting distance remained a fixed distance of 5cm. During the forearm exercise, an assistant stood by the pulley and supervised the system, adding weights and removing the plates as needed, and made certain with measurements that there was a 5-cm lift with each flexion. All parts of the system were made of nonmagnetic materials. The work load was calculated from the weight and distance lifted.
Subjects: Five healthy student volunteers were studied. The nature of the experimental procedure was explained to each subject. The The kind of exercise used in this study, wrist and finger flexion, involved the use of both superficial and deep finger and wrist flexor muscles and therefore did not represent a study of a localized single muscle. The coil used, which was relatively large (80mm in diameter, theoretically sampled the muscle volume underneath a hemisphere 80mm in diameter), therefore covering both of these muscle groups. As indicated by the changes in heart rate and oxygen uptake, this type of forearm exercise was useful primarily for stressing a relatively small skeletal muscle mass rather than the pump reserve of the heart. The 1 min incremental exercise protocol used in the MRS study has been reported to yield results comparable to steady state exercise unless significant acidosis occurs.2) If the rate of work load step-up is kept constant, we believe that the results after the onset of acidosis could be compared among different subjects. This has a parallel in 1-min incremental or ramp exercise protocols used in upright leg ergometer or treadmill exercise.
The possible problems regarding the quantitative nature of the present apparatus must also be discussed. First, a factor for friction must be considered, although the free rotation of the wheel of the pulley was ascertained. Second, development of isometric tension due to the lift-limiting chain was possible. This factor was minimized during the pre-experiment practice by instructing the subject to release the grip of the handle as soon as the tension due to the chain was felt. Friction and isometric tension are expected to rise disproportionately as the work load increases. However, an almost linear decrease of PCr as the work load increased suggested that these problems were not significant or that a contribution from these factors was at least proportional to the work load. An inverse linear relationship between PCr and work load in the skeletal muscle has been observed in other human studies using different ergometric devices and also in more quantitatively exact animal experiments, except at light work loads and at near maximum when significant acidosis occurs.3),9),10) Only a slight increase in total oxygen uptake even at peak exercise made the measurement of VO2 inadequate for the validation of the work load in this study. Nevertheless, in our recent study, in which we carried out exercise testing of the quadriceps femoris using the same system but with the addition of one more pulley, we demonstrated that oxygen uptake increased linearly with an increase in work load.11) The obvious limitation of the present technique was the need for an assistant during the exercise test. However, this ensured that the lift of the weight Jpn. Heart J. M arch 1992
was exact and the system was working properly.
We conclude that the system we described provides a simple and reliable means of quantitating forearm exercise for 31P magnetic resonance spectrometry.
